published: 22 May 2014 
doi: 10.3389/fnagi. 2014. 00099 



AGING NEUROSCIENCE 0U " 2?Mav?014 




Degeneration of neuromuscular junction in age and 
dystrophy 

Rudiger Rudolf 123 *, Muzamil Majid Khan 1 - 3 , Siegfried Labeit 4 and Michael R. Deschenes 5 

' Institute of Molecular and Cell Biology, University of Applied Sciences Mannheim, Mannheim, Germany 

2 Institute of Medical Technology, University of Heidelberg and University of Applied Sciences Mannheim, Mannheim, Germany 

3 Institute of Toxicology and Genetics, Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, Germany 

4 Institute of Integrative Pathophysiology, University Medical Centre Mannheim, Mannheim, Germany 

5 Department of Kinesiology and Health Sciences, The College of William and Mary, Williamsburg, VA, USA 



Edited by: 

Paolo Bonaldo, University of Padova, 
Italy 

Reviewed by: 

Russell Hepple, McGill University, 
Canada 

Said Hashemolhosseini, University of 
Erlangen-Nuremberg, Germany 

'Correspondence: 

Rudiger Rudolf, Institute of Molecular 
and Cell Biology, University of Applied 
Sciences Mannheim, 
Paul-Wittsackstrasse 10, Mannheim 
68163, Germany 
e-mail: r. rudolf@hs-mannheim. de 



Functional denervation is a hallmark of aging sarcopenia as well as of muscular dystrophy. 
It is thought to be a major factor reducing skeletal muscle mass, particularly in the case of 
sarcopenia. Neuromuscular junctions (NMJs) serve as the interface between the nervous 
and skeletal muscular systems, and thus they may receive pathophysiological input of both 
pre- and post-synaptic origin. Consequently, NMJs are good indicators of motor health on 
a systemic level. Indeed, upon sarcopenia and dystrophy, NMJs morphologically deterio- 
rate and exhibit altered characteristics of primary signaling molecules, such as nicotinic 
acetylcholine receptor and agrin. Since a remarkable reversibility of these changes can be 
observed by exercise, there is significant interest in understanding the molecular mecha- 
nisms underlying synaptic deterioration upon aging and dystrophy and how synapses are 
reset by the aforementioned treatments. Here, we review the literature that describes 
the phenomena observed at the NMJ in sarcopenic and dystrophic muscle as well as to 
how these alterations can be reversed and to what extent. In a second part, the current 
information about molecular machineries underlying these processes is reported. 
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INTRODUCTION 

Sarcopenia, a term coined by Rosenberg, literally means "poverty 
of flesh" and originally referred to aging-related loss of muscle 
mass (Rosenberg, 1997). The etiology of this loss is most likely 
multi-factorial. Indeed, the functionality of skeletal muscle is 
subject to regulation by several different tissues. Primarily, these 
include muscle, tendons, skeleton, as well as central and peripheral 
nervous systems (and their supporting cells), but also hormonal 
glands, blood vessels, and others. Malfunctioning of any one of 
these components will ultimately affect the other constituents, 
although with different strength. This complexity of the motor 
system is certainly an important aspect that leads to the ambiguity 
in explaining the pathogenic mechanisms of many neuromus- 
cular diseases. That is true even in disorders, in which simple 
genetic abnormalities are the sole initiating factor, as in the case of 
hereditary forms of muscular dystrophies. Indeed, although many 
muscular dystrophies are linked to mutations of different members 
of a single protein complex, i.e., the dystrophin-associated protein 
complex (DAPC), insight into the precise links between DAPC and 
the dystrophic symptoms remains limited. A similar uncertainty 
characterizes our understanding of the etiology of aging sarcope- 
nia. While there is a general consensus that functional muscle 
denervation is one of the principal factors leading to sarcopenia, 
the origin and exact role of the partial silence between nerve and 
muscle are still debated as outlined below. Since many muscu- 
lar dystrophies and sarcopenia share defects at the nerve-muscle 
synapse, i.e., the neuromuscular junction (NMJ), we analyze in 



this review whether this commonality could possibly reflect sim- 
ilar molecular origins and whether this would allow speculation 
about diagnostic or therapeutic interventions for these diseases. 

COMMON FEATURES IN AGING AND DYSTROPHY WITH 
RESPECT TO THE NMJ 

Before addressing features that are common or different in mus- 
cular dystrophy and sarcopenia, we need to briefly define both 
terms. Muscular dystrophies: these form a group of more than 
30 different hereditary or acquired diseases, which are character- 
ized by progressive degeneration of the musculoskeletal system 
leading in many cases to severe ambulation deficits and reduced 
lifespan. As excellently reviewed previously (Blake et al., 2002; 
Davies and Nowak, 2006; Mercuri and Muntoni, 2013), mus- 
cular dystrophies can be due to mutations in many different 
genes, including those encoding sarcomeric/sarcoplasmic pro- 
teins like titin or calpain 3, nuclear proteins such as lamin or 
emerin, and proteins of the sarcoplasmic reticulum like dystrophia 
myotonica protein kinase. Some forms of muscular dystrophy are 
also due to defective membrane repair (dysferlinopathy), but the 
largest part of dystrophies is connected to the DAPC and can 
be divided into two groups. Diseases originating from mutations 
in members of the DAPC are often called as dystrophinopathies, 
while conditions due to aberrant glycosylation of DAPC members 
(in particular, a-dystroglycan) are termed dystroglycanopathies. 
Duchenne muscular dystrophy is the most frequent form of dys- 
trophinopathy, Fukuyama congenital muscular dystrophy, and 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



May 2014 | Volume 6 | Article 99 | 1 



Rudolf et al. 



NMJ in health and disease 




FIGURE 1 | Pre- and post-synapse exhibit perfect complementarity in 
young adult NMJs. (A,B) Pre-synaptic terminal as represented by 
motoneuronal markers for synaptic vesicles [synaptophysin (A)] and 
neuronal cytoskeleton [neurofilament (B)]. (C) Post-synaptic apparatus 
contains large amounts of AChRs directly juxtaposed to pre-synaptic ACh 
filled synaptic vesicles. (D) Overlay of synaptophysin (red), neurofilament 
(green), and AChR stainings (blue) nicely shows the perfect 
complementarity of pre- and post-synaptic portions of NMJ. 



Walker-Warburg syndrome represent typical examples of dystro- 
glycanopathies. Since the DAPC is highly abundant at the NMJ 
(Pilgram et al., 2009) and might play essential roles in maintain- 
ing it (see below), we will limit the discussion in the following text 
to dystrophinopathies and dystroglycanopathies. Sarcopenia: the 
European Working Group on Sarcopenia in Older People (Cruz- 
Jentoft et al, 2010), has defined sarcopenia as the loss of muscle 
mass (atrophy) and muscle strength (dynapenia) as a direct con- 
sequence of aging. Given that secondary conditions, like cancer, 
cirrhosis, or ovariectomy can also lead to (non-sarcopenic) atro- 
phy upon aging, it is not always easy to determine if age or other 
reasons are the primary cause for muscle loss (Hepple, 2012). 
This has spurred interest in defining more specific character- 
istics for the clinical diagnosis of sarcopenia. In the following 
text, we will examine a few of these criteria (Hepple, 2012) and 
address to what extent these features are also present in muscular 
dystrophies. 

HIST0PATH0L0GICAL HALLMARKS OF SARC0PENIC MUSCLE 

Apart from the eponymous loss in muscle mass, sarcopenic mus- 
cle is characterized by histopathological traits that can distinguish 
sarcopenia from other types of muscle atrophy. The first in a list 
of such parameters is the occurrence of fiber size heterogeneity 
in muscle from elderly people and analogous mouse/rat models 
(reviewed in Berger and Doherty, 2010; Hepple, 2012). Notably, 
while fiber size variability is not found in other types of atro- 
phy like those related to cancer cachexia, it is a major feature 
of dystrophinopathies (Engel and Ozawa, 2004) and dystrogly- 
canopathies (Taniguchi et al, 2006; Krag et al, 2011; Costa et al., 
2013). Second, muscles from elderly exhibit extensive fiber type 
grouping. This means that a disproportionally large number of 
neighboring fibers exhibit the same fiber type. This has been found 
in both humans (Andersen, 2003) and murine models (Kanda 
and Hashizume, 1989; Rowan et al., 2011). Certainly, fiber type 
grouping is not very extensive in most muscular dystrophies, but 
the occurrence of smaller fiber groups was reported for samples 
from Becker muscular dystrophy (ten Houten and De Visser, 1984; 
Kaido et al, 1991) and also Duchenne muscular dystrophy (Engel 
and Ozawa, 2004). Another fiber type-related alteration is the co- 
expression of multiple myosin heavy chain isoforms, which is again 
indicative of sarcopenia (Andersen et al., 1999; Patterson et al., 
2006; Rowan et al, 2012) and was also observed in Duchenne 
muscular dystrophy (Marini et al, 1991). 

The above-mentioned alterations in fiber size, distribution of 
fiber type, and co-expression of multiple myosin heavy chain 
isoforms all suggest the occurrence of reiterating cycles of degen- 
eration/regeneration as well as denervation followed by reinner- 
vation of the affected fibers. Since paucity of neurotransmission is 
expected to modify the synapses of the involved fibers, it is intrigu- 
ing that an additional common feature of aging sarcopenia (Valdez 
et al., 2010; Li et al, 2011) and muscular dystrophies (Lyons and 
Slater, 1991; Grady et al, 1997; Shiao et al, 2004) is fragmenta- 
tion of NMJs. But what does fragmentation appear as? In normal 
mammalian muscle, AChRs densely cluster in winding, band-like 
arrays on the post-synaptic membrane. Mostly, these bands form 
a continuous structure also referred to as "pretzel"-like. To achieve 
maximally efficient neurotransmission, pre- and post-synaptic 



membranes exhibit the same band pattern (Figure 1). In aged 
and dystrophic muscle, however, the "pretzel" is fragmented into 
many individual gutters (Andonian and Fahim, 1987; Lyons and 
Slater, 1991) (see also Figure 2). 

ORIGINS OF SYNAPTIC FRAGMENTATION MIGHT BE DIFFERENT 

The cause of fragmentation of NMJs in aged and dystrophic 
muscle is rather unclear, but there are different possible expla- 
nations. First, it is conceivable that fragmentation of NMJs is due 
to degeneration of muscle fiber segments underlying the synapse. 
Subsequent regeneration would then create a patch-like appear- 
ance of the post-synaptic apparatus that could be mimicked by the 
pre-synaptic terminal through adaptive structural reorganization. 
This is a principal hypothesis for the occurrence of synaptic frag- 
mentation in muscular dystrophy (Lyons and Slater, 1991) and 
was also suggested to play a role in the aging process in a longi- 
tudinal study in mice, where the same NMJs were followed over 
extended periods of time (Li et al., 2011). Results showed not a 
steady, progressive fragmentation, but rather complete fragmenta- 
tion of individual synapses within short time ranges and mostly in 
conjunction with the appearance of central nuclei, a sign of regen- 
eration. Feedback from the post- to pre-synaptic regions leading 
to adaptation of the pre-synaptic terminal to the scattered post- 
synaptic morphology could be mediated by Lrp4 (Yumoto et al., 
20 12), the co-receptor of MuSKin agrin-dependent signaling (Kim 
et al, 2008; Zhang et al, 2008). 
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FIGURE 2 | The phenomenon of NMJ fragmentation during aging and 
dystrophy. Tibialis anterior muscles of wildtype (wt) or dystrophic mdx 
mice were injected with fluorescently labeled a-bungarotoxin to mark 
AChRs at the indicated ages and then imaged using in vivo confocal 
microscopy. Images show maximum intensity projections of several NMJs 
(left) and binarized pictures (right) to highlight the observation that in young 
wt AChRs form contiguous, "pretzel-like," bands while they align in 
fragmented clusters in aged wt and middle aged dystrophic muscles. 



Another possible cause of NMJ fragmentation can be traced 
to the appearance of neuronal lesions or complete motor neuron 
death leading to muscle fiber denervation followed by reinnerva- 
tion of the same post-synaptic apparatus by a new neuronal sprout 
from neighboring neurons. Indeed, in aging sarcopenia, there is 
wide spread consensus that denervation due to motor neuron 
apoptosis is a crucial feature. A fast decline in the number of alpha 
motor neuron cell bodies in the spinal cords of humans beyond 
the age of 60 was observed (Kawamura et al., 1977; Tomlinson 
and Irving, 1977; Berger and Doherty, 2010), and was accompa- 
nied by a decline in the number of motor units, i.e., the groups of 
muscle fibers innervated by individual motor neurons (Doherty 
et al, 1993). Since a massive reduction in the number of mus- 
cle fibers in aged muscle was also reported (Lexell, 1993), dying 
back of motor neurons due to loss of muscle fiber trophic signals 



could be a possible explanation of sarcopenia. Evidence that aging 
may induce peripheral nerve degeneration in muscle comes from 
a recent study in mice, which found signs of marked degenera- 
tion of pre- and post-synaptic portions of NMJs although counts 
of motor neuron somata at the level of the lumbar region did 
not reveal any difference between mice at 3 and 29 months of age 
(Chai et al., 2011). Peripheral degeneration of nerves in aged ani- 
mals was also observed in other reports (Stanmore et al., 1978; 
Valdez et al, 2010) and investigations from other disease mod- 
els imply that retrograde motor neuron death is possible (Wong 
and Martin, 2010). However, in Duchenne muscular dystrophy, 
motor neuron degeneration among patients has not been detected 
(Tomlinson et al., 1974) and intramuscular nerves appear normal 
(Engel and Ozawa, 2004). Given that massive muscle fiber death is 
occurring in Duchenne patients, it follows that retrograde motor 
neuron degeneration is not a logical consequence of muscle fiber 
loss. Finally, smaller rearrangements of molecular events could 
lead to a steady, slow decay of synaptic regions resulting in frag- 
mented appearance of the synapse although findings in mice do 
not support this possibility (Li et al., 201 1). However, it is unlikely 
that aging processes in rodents are fully comparable to those in 
humans, particularly with respect to slowly accumulating ones. 
In other words, it might well be that small rearrangements that 
are not visible within the 2-3-year lifespan of mice would in fact 
be detectable within the more than 80-year lifespan of humans. 
Before addressing the involvement of different molecular path- 
ways in regulating NMJ morphology and function, we will first 
address how regular muscle activity affects NMJs. Due to the lack 
of studies on dystrophic muscle, the ensuing section focuses on 
the effects of training in healthy, young, and aged subjects and 
corresponding murine models. 

ROLE OF EXERCISE ON MUSCLE PERFORMANCE IN AGED - FOCUS ON 
NMJ 

There is growing epidemiological and experimental evidence sug- 
gesting that certain types of physical exercise are effective in offset- 
ting age-related decline in muscle size and strength (reviewed e.g., 
in Berger and Doherty, 2010). Notably, life-long high-intensity 
physical activity significantly abates the loss of motor unit num- 
bers (Power et al, 2010). Similar to the way in which chronic 
exercise training is capable of mitigating the loss of strength and 
muscle mass associated with aging, the same stimulus of regularly 
performed exercise appears to influence aging-related adaptations 
of the NMJ (Andonian and Fahim, 1987). This is evident with 
respect to both NMJ morphology and function. Moreover, our 
present understanding suggests that exercise training results in 
age-specific remodeling of the NMJ. That is, among young adults 
endurance training elicits an expansion of NMJ dimensions and 
this enlargement is evident in both the pre- and post-synaptic 
components of the NMJ. This is not surprising since there is con- 
vincing evidence that pre- and post-synaptic relationships of the 
NMJ are well maintained throughout aging and that this constancy 
is apparent even when examining the NMJs of muscles display- 
ing different patterns of neuromuscular activity (Deschenes et al, 
2013). It should be noted, however, that most of the exercise train- 
ing studies conducted to date among aged animals have used only 
moderately aged rodents (i.e., 20-25 months). This is important 
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FIGURE 3 | Determination of post-synaptic ACh receptor cluster 
dispersion. Representative image of tracings made to determine total 
endplate area (yellow) and stained receptors clusters (blue) within that total 
area. To determine dispersion of AChRs within total endplate the stained 
area is divided by the total area and multiplied by 100. 



as it has been reported that during advanced aging (>25 months) 
rodents display NMJ remodeling that is characterized by reduced 
dimensions rather than the expansion of synaptic size observed 
among animals with less advanced aging (Rosenheimer and Smith, 
1985). Unclear at this point is how exercise training affects NMJ 
structure in these more senescent animals and if gender-specific 
differences occur. 

Specific responses of NMJs to exercise training include an 
increase in total length of nerve terminal branching, a greater 
number of nerve terminal branches, and a more elaborate pattern 
of nerve terminal branching, i.e., branching complexity (Fahim, 
1997; Deschenes et al, 2011). Accompanying this training-related 
amplification of nerve terminal branching is a greater total num- 
ber of pre-synaptic vesicles containing the NMJ's neurotransmit- 
ter acetylcholine (ACh). The greater total nerve terminal branch 
length in the NMJs of trained muscles is necessary to secure 
increased numbers of ACh vesicles and total neurotransmitter in 
light of the fact that the number of vesicles supported by a given 
length of nerve terminal branching is consistent among young and 
aged, as well as in muscles with high or low recruitment patterns 
(Deschenes et al, 2013). It has also been established that the size 
of individual pre-synaptic vesicles is unaffected by training, again 
requiring the expression of greater numbers of vesicles if the total 
amount of stored ACh is to be increased (Fahim, 1997). 

As expected in synapses exhibiting tight coupling of pre- 
and post-synaptic components, endurance training also promotes 
remodeling with respect to the number and distribution of AChRs 
at the muscle fiber's endplate region where post-synaptic depolar- 
ization occurs. Specific training-induced endplate modifications 
are characterized by a higher number of AChRs, which occupy 
a greater endplate area than in untrained muscle fibers (Desch- 
enes et al., 1993, 2013; Cheng et al, 2013). The enhanced span of 
the AChR stained area is necessitated by the fact that the density 
of AChRs anchored within a given area within receptor clusters 
(i.e., stained area) does not change with training (Deschenes et al., 
1993). Thus, to increase the total number of AChRs at the NMJ, the 
area anchoring these receptors must be expanded. This is precisely 
what is observed as a result of endurance training. 

Other post-synaptic adaptations induced by training include a 
greater total perimeter length encompassing the entire endplate 
region, which includes clusters of receptors as well as interspers- 
ing sections of the endplate that do not express receptors. Training 
has also been found to increase the aggregate perimeter length 
encompassing only the stained clusters of AChRs without taking 
into account empty sections between those clusters (Deschenes 
et al, 2011). Finally, the dispersion of clusters of AChRs within 
the total endplate area - which includes stained AChR clusters 
and receptor void sections between those clusters - is sensitive 
to endurance training, with that stimulus responsible for a more 
compact, less dispersed distribution of stained receptor clusters 
(Deschenes et al, 201 1). The quantitative technique used to assess 
the dispersion of AChR clusters within the total endplate area 
can be seen in Figure 3. As an aside, it is noteworthy that the 
expanded dimensions detected in run trained NMJs occur despite 
mild, e.g., 10-15%, atrophy in the size of the muscle fibers on which 
the NMJs reside (Deschenes et al, 1993, 2011). Clearly, the mor- 
phological modifications of NMJs brought about by endurance 



training cannot simply be attributed to similar remodeling of 
muscle fiber size. 

A basic tenet of the biological sciences is that form and function 
are inextricably linked. The plasticity of the NMJ is another exam- 
ple of how form and function change hand-in-hand. That is, the 
endurance training- induced alterations of NMJ structure are asso- 
ciated with significant changes in synaptic transmission. Examples 
of such electrophysiological adaptations are training-induced ele- 
vations in quantal content, or the amount of neurotransmitter 
released from nerve terminals in response to a single electrical 
impulse. This is true despite the fact that unstimulated, or random 
release of ACh, is reduced among trained muscles (Fahim, 1997) 
suggesting a more secure anchoring of vesicles at pre-synaptic 
active zones. And during a continuous train of imposed electrical 
stimuli to the NMJ, there is a slighter degree of depression in post- 
synaptic response among trained compared to untrained neuro- 
muscular systems (Fahim, 1997). This is viewed as evidence that 
trained NMJs are more adept not only at recycling the pre-synaptic 
ACh vesicles releasing neurotransmitter into the synaptic cleft, but 
also of maintaining sensitivity of the post-synaptic receptors to 
that ACh which is released. 

In contrast to endurance training another form of exercise 
training, i.e., resistance training, or weight lifting, is known to pro- 
mote significant muscle fiber hypertrophy (Kraemer et al., 1995). 
Mimicking the type, intensity, and volume of weight lifting that 
human athletes routinely perform has proven to be difficult with 
an animal model. Largely, because of this and because it is not 
practicable to visually examine the NMJs in human muscle as that 
synapse is located somewhere in the middle third of the length 
of the whole muscle and stains must be used to make it visible, 
much less is known about the effects of resistance training on 
the NMJ. But in one study using a model of rats climbing a lad- 
der with resistance attached to their tails, it was shown that this 
mode of exercise brings about NMJ remodeling that is similar 
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FIGURE 4 | Schematic representation of exercise-induced changes at 
post-synaptic membrane of NMJ of young adult and aged rodents. 

Both, exercise as well as the aging process come with augmented size of 
individual NMJs and increased branching complexity of AChR clusters 
within the NMJ organization. Aged NMJs are also often characterized by 
enhanced discontinuity of AChR cluster branches. Of note, exercise of aged 
animals partially reduces branching complexity, NMJ size, and 
fragmentation and, thus, leads to a morphology of synapses that resembles 
young adult sedentary NMJs. Relative density of AChR, indicated by gray 
scales, is always highest at the branch borders and does not significantly 
change under all conditions. Pre-synaptic branching and synaptic vesicle 
numbers (not shown) are largely modified in congruency with post-synaptic 
changes. However, upon aging partial loss of pre-to-post matching does 
frequently occur. 



in nature to that observed with endurance training, albeit to a 
smaller extent. More specifically, a 7-week program of resistance 
training increased pre-synaptic area occupied by ACh contain- 
ing vesicles, and post-synaptic endplate area stained for AChRs 
by -15% - compared to -30% with endurance training - with 
the coupling of ACh vesicles and receptors remaining constant 
(Deschenes et al., 1993, 2000). It appears then, that the stimulus of 
resistance training, while adequate to result in NMJ remodeling, 
is not capable of yielding the same degree of synaptic remodeling 
seen with endurance training. 

Although a relatively new area of investigation, a number of 
studies have reported that aging does, indeed, modify the respon- 
siveness of the NMJ to exercise training. For example, when 
young adult and aged rats participated in an identical 10-week 
program of treadmill running, training was shown to result in 
significant structural remodeling of NMJs (increased nerve ter- 
minal total branch length and number of branches, increased 
post-synaptic area occupied by ACh receptors, and perimeter 
length surrounding those receptors) in young animals, without 
such modifications occurring among aged rats (Deschenes et al, 
2011). Upon close examination, however, it was apparent that 
aging alone had resulted in pre- and post-synaptic expansion, so 
that when aged rats performed endurance training, the effect was 
to reduce NMJ dimensions back to those observed in untrained 
young NMJs. Figure 4 depicts the effects of exercise training on 
post-synaptic structure in young and aged NMJs. A similar age and 
exercise interaction on NMJ structure has recently been reported 
(Valdez et al., 2010). In that investigation, it was determined that 
aged mice displayed larger NMJs with more elaborate, and frag- 
mented, architecture than those examined in young mice. But in 
aged mice given access to free running wheels, NMJs in exercised 
muscles were not morphologically distinct from those of young, 
untrained mice. These studies, along with a more recent report 
(Cheng et al., 2013), suggest that the morphological remodeling 
of NMJs associated with aging may be prevented or even reversed 
through regular participation in endurance type exercise. As aging 
modulates training-induced structural alterations of the NMJ, 
exercise-related adaptations in synaptic transmission across the 
NMJ are similarly affected by aging. Finally, although there is no 
information regarding the effect of controlled exercise on NMJs in 
dystrophic muscle, a recent trial documented beneficial impact of 
moderate bicycle training in a group of Duchenne patients (Jansen 
etal.,2013). 

MOLECULAR CHARACTERISTICS AND BIOMARKERS AT NMJ 

As outlined above, the sequence of events that results in fragmenta- 
tion of NMJs has yet to be fully revealed. With respect to molecular 
pathways underlying pre- or post-synaptic processes leading to 
degeneration of the NMJ there have been recent advancements. 
Most studies that address the maintenance of the NMJ measure 
the coherence of the AChR clusters in"pretzel"-shaped arrays. This 
is mainly for two reasons: first, the AChR is the major ion channel 
of the post-synaptic apparatus and thus reflects gross morpholog- 
ical alterations of the NMJ with high fidelity. Second, visualization 
of its distribution, also in vivo, is greatly facilitated by the use of the 
snake venom, a-bungarotoxin, which does not permeate the cell 
membrane, but binds with extremely high specificity and affinity 



to AChRs and can be labeled with a variety of dyes, radioactive 
tracers, etc. To better understand possible scenarios that could 
affect NMJ morphology in general and AChRs in particular, it is 
useful to mention the principal steps of AChR lifecycle. 

BIOGENESIS AND CLUSTERING OF AChRs 

The AChR is a pentameric ligand-gated cation channel of the cys- 
loop family of ion channels with a wide expression in the central 
nervous system and skeletal muscle. In the latter, AChR subunit 
composition depends on the developmental state of the tissue. 
While embryonic and regenerating muscles express AChRs with 
a subunit composition of oiya&fl, adult intact muscle expresses 
receptors with aeaSp composition (Witzemann et al, 1987, 1989; 
Gu and Hall, 1988). By substituting the e subunit for the y subunit, 
the gating properties of the channel change from displaying long 
open times with slow conductance, to brief open times with high 
ion conductance rates (Mishina et al., 1986; Schwarz et al., 2000). 
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The y to e switch was found to be essential, because mice lacking 
the adult-type AChRg subunit showed impaired neurotransmis- 
sion, progressive muscle weakness, and died about 40-60 days after 
birth (Witzemann et al., 1996). The AChR life cycle starts with 
biogenesis and assembly of its subunits within the endoplasmic 
reticulum and then proceeds in the Golgi apparatus, where gly- 
cosylation occurs, before secretory vesicles transport the AChR 
to the post-synaptic membrane (Figure 5). Already during this 



transport, the 43 kDa receptor associated protein of the synapse 
(rapsyn) escorts the AChRs (Marchand et al, 2000, 2002) in a 
1:1 fashion. At the membrane, AChRs are then clustered and 
maintained by the help of rapsyn that links AChRs to the under- 
lying actin cytoskeleton via the DAPC (Gautam et al., 1995). 
This process is mainly mediated by the agrin/MuSK/Lrp4 signal- 
ing pathway (Figure 5) that is regulated by the presence of an 
active motor neuron pre-synaptic terminal. As recently reviewed 
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FIGURE 5 | Scheme depicting the putative life cycle of AChR at the 
vertebrate NMJ. Upon assembly in the ER and glycosylation in the Golgi 
apparatus, AChR is delivered by exocytosis to the post-synaptic membrane 
where it is clustered by means of agrin/MuSK/Lrp4/rapsyn complex, to fulfill 
its major function, i.e., mediating neuromuscular transmission. Subsequently, 



AChR is endocytosed and can then be recycled using a cooperative function 
of myosin Va, PKA type I, and rapsyn, or degraded, presumably via autophagic 
decay in a MuRF1-dependent manner. Decision-making between recycling or 
degradation appears to be subject to manifold signals including CaMKII 
and PKC. 
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(Punga and Ruegg, 2012), the large proteoglycan, neural agrin, 
activates the MuSK-Lrp4 complex to inhibit activity-dependent 
AChR cluster disassembly that occurs outside the reach of neu- 
ronal agrin. This involves the activation of effector molecules, 
primarily Dok-7 and rapsyn. Thus, the agrin/MuSK/Lrp4 pathway 
appears to perfectly explain the observed precise fit of pre- to post- 
synaptic portions of healthy NMJs by release of a neuronal signal 
and the subsequent response of muscle tissue. However, at least 
two factors complicate this concept. First, the agrin/MuSK/Lrp4 
pathway is not the only regulator of AChR clustering. Indeed, 
a wealth of other signaling molecules also affects the presence 
of AChRs at the membrane, as reviewed previously (Wu et al, 
2010). Second, it is increasingly appreciated that NMJ develop- 
ment and maintenance are not controlled in a simple unidirec- 
tional manner from nerve to muscle. For example, while agrin 
is dispensable for AChR cluster formation during development, 
cluster maintenance in the adult needs agrin to prohibit activity- 
induced cluster dispersal (see Kummer et al, 2006 for review). 
Furthermore, muscle-derived Lrp4 appears to also act in a retro- 
grade manner, since it is necessary for early steps of pre-synaptic 
development in vitro and in vivo (Yumoto et al., 2012). In the 
context of aging research, it would be very interesting to know, 
whether Lrp4 also signals from muscle to nerve in adult tissue 
to maintain the nerve-muscle connectivity intact in a retrograde 
manner. 

LIFE OR DEATH AFTER LEAVING THE CLUSTER 

Although AChRs in intact and innervated muscle exhibit a high 
metabolic stability and are, thus, slowly turned over with a half-life 
of about 13 days, they are at some point removed from the post- 
synaptic region by endocytosis. Subsequent fates include storage 
in an intracellular compartment, recycling to the post-synaptic 
membrane in an activity-dependent manner, and degradation 
(Figure 5). Given that about 25% of all surface receptors are 
normally recycled within 4 days (Bruneau et al, 2005), positive 
or negative tuning of the decision between recycling and dete- 
rioration would also affect AChR density at the NMJ, and if 
recycling is lacking spatial precision, this could potentially lead 
to fragmentation of synapses due to receptor delivery at wrong 
sites. A couple of reports indicate that second messenger-triggered 
serine/ threonine phosphorylation events are major determinants 
controlling the decision-making between recycling and degrada- 
tion. Observations from different laboratories have revealed the 
positive and negative impacts of protein kinases A (PKA) and C 
(PKC), respectively, on AChR lifetime and recycling (Nelson et al, 
2003; Roder et al, 2010; Martinez- Pena yValenzuela et al, 2013). 
Furthermore, Ca 2+ /calmodulin-dependent kinase II (CaMKII) 
also appears to trigger AChR recycling in an electrical stimula- 
tion and Ca 2+ -dependent manner (Martinez-Pena y Valenzuela 
etal, 2010) (Figure 5). 

The target molecules for these phosphorylation events are still 
unclear, but one obvious candidate is the AChR itself, which can be 
phosphorylated at different subunits by PKA and PKC (Miles et al., 
1987; Huganir and Miles, 1989; Nimnual et al, 1998). A potential 
target for CaMKII at the NMJ could be myosin Va, which is crucial 
to recruit AChR-containing recycling carriers to the post-synaptic 
membrane (Roder et al, 2008; Yampolsky et al, 2010). Myosin 



V molecules are CaMKII-regulated motor proteins (Costa et al, 
1999) and are also important for activity- and Ca 2+ -dependent 
recycling of AMPA receptors at central synapses (Correia et al, 
2008; Wang et al., 2008). Furthermore, myosin V is dependent 
on actin filaments to escort vesicles to their destination (Reck- 
Peterson et al, 2000; Walker et al, 2000). This might partially 
reflect the aberrant recycling of AChRs upon impairment of com- 
ponents of the DAPC (Martinez-Pena y Valenzuela et al., 2011; 
Schmidt et al., 2011), which is a major organizer of the actin 
cytoskeleton in skeletal muscle and the NMJ (Pilgram et al, 2009). 
Another general point that characterizes the organization of AChR 
recycling is the compartmentalization of signaling by virtue of 
anchoring molecules. While the cAMP necessary to recycle AChRs 
in a PKA-dependent manner appears to be located in certain 
microdomains (Roder et al, 2010), rapsyn was found to anchor 
PKA in close vicinity to the vesicles that harbor recycling AChRs 
and myosin Va (Roder et al, 2010; Choi et al., 2012). Similarly, 
absence of the CaMKII-anchoring protein akap (which itself is 
a non-functional CaMKII), that is known to target CaMKII to 
different subcellular sites (Bayer et al., 1998; O'Leary et al., 2006; 
Singh et al, 2009), reduced AChR stability in myotubes (Mous- 
lim et al, 2012). The presence and absence of akap was claimed 
to be associated with decreased and increased ubiquitination, of 
AChRs (Mouslim et al, 2012), respectively, and regulation of this 
process might be directly linked to degradation of AChRs. While 
in this study, using myotubes and cell cultures, total AChR lev- 
els could be modulated using proteasome inhibitors (Mouslim 
et al., 2012), other reports show a role of lysosomal degradation of 
surface-exposed AChRs (Libby et al., 1980; Engel and Fumagalli, 
1982; Clementi et al., 1983; Hyman and Froehner, 1983; Valkova 
et al., 2011). A likely explanation for the discrepancy regarding 
the degradation path of AChRs is the time-point at which they 
are to be eliminated. Whereas proteasome appears to be crucial 
for degradation of unassembled AChR subunits at the level of ER 
(Christianson and Green, 2004), lysosomal degradation should 
affect receptors after their endocytosis from the plasma membrane. 

A recent study has looked at this latter degradation pathway in 
more detail and reported the involvement of autophagy that leads 
to loss of AChRs from the NMJ (Khan et al, 2014) (Figure 5) 
after ingestion of endosomal structures into autophagosomes 
that subsequently fuse with lysosomes to terminally digest the 
entire protein content as reviewed elsewhere (Shaid et al, 2013). 
AChR-containing endocytosed carriers were accompanied by the 
autophagy marker, LC3 and this was dependent on the presence 
of the LC3- activating enzyme, Atg7 (Khan et al., 2014). Notably, 
a strong increase in the amount of autophagic AChR-containing 
vesicles upon denervation was observed and this was completely 
blunted in the absence of the E3 ubiquitin ligase, MuRFl (Khan 
et al., 2014). MuRFl is also known as one of the central play- 
ers in muscle atrophy (Bodine et al., 2001; Centner et al, 2001) 
and termed as atrogene (Lecker et al., 2004). This suggested a 
role of ubiquitination in sorting AChRs to autophagic decay, an 
assumption which was corroborated by the presence of the adaptor 
protein, p62/SQSTMl in AChR-containing carriers (Khan et al, 
2014). p62/SQSTMl harbors both, ubiquitin binding site and 
LC3 interacting regions to bridge ubiquitinated target molecules 
to the autophagosomal membranes (Pankiv et al., 2007). So far, 
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it is unclear, if ubiquitinated AChR serves as a direct target for 
selective autophagy or whether other molecules in complex with 
AChR do so. 

PATHWAYS ALTERED IN AGING AND DYSTROPHY 

The above discussion has mentioned a few molecular pathways 
that could potentially play a role in the deterioration of the NMJ. 
In the following text, actually observed alterations of these path- 
ways in aging and dystrophy will be discussed. A recent genomic 
and proteomic profiling of aging rats revealed that a group of 
NMJ-related genes, including different subunits of AChR, MuSK, 
and Lrp4, are significantly up-regulated with age and weight loss 
(Ibebunjo et al., 2013). This has two implications. First, it corrob- 
orates an important involvement of functional denervation in the 
sarcopenia process, since synaptic genes are known targets upon 
denervation (Bodine et al., 2001; Furlow et al., 2013). Second, 
the MuSK pathway is apparently involved in the aging process 
of skeletal muscle. This is further substantiated by recent stud- 
ies. First, tamoxifen-inducible conditional knock-out mice lacking 
agrin in a subset of motor neurons were recently created and ana- 
lyzed (Samuel et al., 2012). Upon tamoxifen treatment of these 
mice, it took 2-3 months for agrin to detectably diminish in the 
affected neurons. Concurrently, NMJs displayed mild to severe 
morphological alterations. Notably, pre-synaptic decay seemed to 
follow deterioration of the post-synaptic apparatus, suggesting the 
involvement of retrograde signaling from muscle to nerve (Samuel 
et al, 2012). Five to six months after the administration of tamox- 
ifen, there was marked withdrawal of motor axons and motor unit 
sizes were decreased (Samuel et al., 2012). Another important con- 
tribution was made by the finding that proteolytic cleavage of agrin 
induces early onset sarcopenia in young adult mice (Biitikofer 
et al., 201 1). Agrin is cleaved at the NMJ by the protease, neuronal 
neurotrypsin, and this leads to the formation of 90 and 22 kDa N- 
and C-terminal fragments of agrin, respectively (Reif et al., 2007; 
Stephan et al., 2008). Notably, 4 months old transgenic mice over- 
expressing neurotrypsin in motor neurons displayed many facets 
of sarcopenia including reduced fiber number, fiber caliber het- 
erogeneity, fiber type grouping, increased amount of type I fibers, 
and severely fragmented NMJs (Biitikofer etal.,2011). These find- 
ings suggest that destabilization of NMJ alone can be sufficient for 
leading to a pronounced sarcopenic phenotype and were substan- 
tiated by a recent study, where injection of a neurotrypsin-resistant 
agrin fragment stabilized NMJs and improved the phenotype of 
neurotrypsin-overexpressing mice (Hettwer et al, 2014). A recent 
clinical study identified significantly increased serum levels of the 
C-terminal agrin fragment in sarcopenic patients as compared to 
aged matched controls and a national blood donor cohort (Het- 
twer et al., 2013). Thus, agrin fragments appear to be not only 
promising candidates in the search for biomarkers in the field 
of sarcopenia diagnosis, but also carry hope for use as poten- 
tial therapeutic agents. However, it needs to be mentioned that 
only about 38% of the sarcopenia patients displayed elevated lev- 
els of the agrin fragment in serum, indicating that sarcopenia is 
indeed likely a multi-factorial disease. This is also supported by 
the observation that aged transgenic mice lacking neurotrypsin, or 
overexpressing agrin develop sarcopenia (Biitikofer et al., 2011). 
Whether agrin signaling is modified or relevant in the context 



of NMJ maintenance in muscular dystrophies has yet to be 
explored. 

Conversely, when considering second messenger handling as a 
major determinant of AChR turnover and NMJ continuity, this 
is definitely aberrant in dystrophic muscle while its role in sar- 
copenia is much less clear. With respect to dystrophies, alterations 
in Ca 2+ and cAMP handling were previously reviewed (Carlson, 
1998; Rudolf et al., 2013). Although to our knowledge there are 
no in-depth reports that have investigated modulation of second 
messenger signaling upon aging by means of in vivo approaches, 
genomic and proteomic profiling revealed a strong correlation 
between muscle loss and at least three members of the cAMP sig- 
naling system, i.e., adenylate cyclase 2, PKA type la, and phospho- 
diesterase 4a (Ibebunjo et al, 2013). Future work will be necessary 
to further tighten these links and to understand any possible rela- 
tionship to age-related alterations of NMJ. Finally, NMJ remodel- 
ing and particularly, AChR turnover are affected by the autophagy 
process. So, what is the contribution of autophagy to sarcopenia 
and dystrophy? This question has recently been addressed in a 
nice review (Sandri et al., 2013). In brief, although to date genes 
that are involved in autophagy have not been found to be directly 
associated with dystrophinopathies and sarcopenia, autophagy is 
impaired in muscles of dystrophic mdx mice and Duchenne dys- 
trophy patients (De Palma et al, 2012). Furthermore, treatment 
of mdx mice with the agonist, AICAR, for the autophagy-driving 
AMP kinase not only leads to increased autophagic flux but also 
improves the dystrophic phenotype significantly (Pauly et al, 
2012). In general, a fine tuned balance of autophagy seems to 
be critical for keeping skeletal muscle intact (Neel et al., 2013). 
While too littie autophagic activity might lead to accumulation 
of damaged organelles and proteins, such as mitochondria (Gru- 
mati et al, 2010) or sarcoplasmic reticulum (Russ et al., 2014), 
exacerbated autophagy would also entail muscle wasting. 

CONCLUSION 

In conclusion, the interplay between neurons and muscle is a prin- 
cipal component that appears to be altered in both sarcopenia and 
dystrophy. However, the origins of the degeneration in functional 
interaction between both tissues are likely to be different between 
those two conditions. Owing to anterograde and retrograde sig- 
naling cascades active at the NMJ, it can be envisaged that neuronal 
degradation may lead to muscle fiber atrophy as well as the reverse 
of this. Regardless, functional denervation might trigger several 
pathways leading to the morphological deterioration of NMJs and 
to altered turnover of AChRs. This could become important in 
the context of diagnosing and treating sarcopenia, given that with 
the appearance of agrin fragments, first biomarkers and therapeu- 
tic agents for a subset of sarcopenia are also apparent. Since the 
agrin/MuSK/Lrp4 pathway is a major but not exclusive regulator 
of NMJ maintenance, further research is needed to better under- 
stand these additional physiological signals that decide over NMJ 
morphology and AChR turnover. 

ACKNOWLEDGMENTS 

Siegfried Labeit and Rtidiger Rudolf are supported by Deutsche 
Forschungsgemeinschaft (LA668/15-1, RU923/7-1). Michael R. 
Deschenes is funded by NIH grant R15 AR060637-03. We 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



May 2014 | Volume 6 | Article 99 | 8 



Rudolf et al. 



NMJ in health and disease 



acknowledge support by Deutsche Forschungsgemeinschaft and 
Open Access Publishing Fund of Karlsruhe Institute of Technology. 

REFERENCES 

Andersen, J. L. (2003). Muscle fibre type adaptation in the elderly human muscle. 

Scand. }. Med. Sci. Sports 13, 40-47. doi:10.1034/j.l600-0838.2003.00299.x 
Andersen, J. L., Terzis, G., and Kryger, A. (1999). Increase in the degree of coex- 

pression of myosin heavy chain isoforms in skeletal muscle fibers of the very 

old. Muscle Nerve 22,449^54. doi:10.1002/(SICI)1097-4598(199904)22:4<449: 

:AID-MUS4>3.0.CO;2-2 
Andonian, M. H., and Fahim, M. A. (1987). Effects of endurance exercise on the 

morphology of mouse neuromuscular junctions during ageing. /. Neurocytol. 16, 

589-599. doi:10.1007/BF01637652 
Bayer, K. U., Harbers, K., and Schulman, H. (1998). alphaKAP is an anchoring pro- 
tein for a novel CaM kinase II isoform in skeletal muscle. EMBO J. 1 7, 5598-5605. 

doi:10.1093/emboj/17.19.5598 
Berger, M. J., and Doherty, T. J. (2010). Sarcopenia: prevalence, mechanisms, and 

functional consequences. Ititerdiscip. Top. Gerontol 37, 94-114. doi:10.1159/ 

000319997 

Blake, D. J., Weir, A., Newey, S. E., and Davies, K. E. (2002). Function and genetics of 
dystrophin and dystrophin -related proteins in muscle. Physiol. Rev. 82, 291-329. 
doi:10.1152/physrev.00028.2001 

Bodine, S. C, Latres, E., Baumhueter, S., Lai, V. K., Nunez, L., Clarke, B. A., et al. 
(2001). Identification of ubiquitin ligases required for skeletal muscle atrophy. 
Science 294, 1704-1708. doi:10.1126/science.l065874 

Bruneau, E., Sutter, D., Hume, R. I., and Akaaboune, M. (2005). Identification 
of nicotinic acetylcholine receptor recycling and its role in maintaining recep- 
tor density at the neuromuscular junction in vivo. /. Neurosci. 25, 9949-9959. 
doi:10.1523/JNEUROSCI.3169-05.2005 

Biitikofer, L., Zurlinden, A., Bolliger, M. E, Kunz, B., and Sonderegger, R (2011). 
Destabilization of the neuromuscular junction by proteolytic cleavage of agrin 
results in precocious sarcopenia. FASEB J. 25, 4378-4393. doi: 10.1096/fj.l 1- 
191262 

Carlson, C. G. (1998). The dystrophinopathies: an alternative to the structural 
hypothesis. Neurobiol. Dis. 5, 3-15. doi:10.1006/nbdi.l998.0188 

Centner, T., Yano, J., Kimura, E.,McElhinny, A. S., Pelin, K., Witt, C. C, et al. (2001). 
Identification of muscle specific ring finger proteins as potential regulators of 
the titin kinase domain. /. Mol Biol. 306, 717-726. doi:10.1006/jmbi.2001.4448 

Chai, R. J., Vukovic, L, Dunlop, S., Grounds, M. D., and Shavlakadze, T. (201 1 ). Strik- 
ing denervation of neuromuscular junctions without lumbar motoneuron loss in 
geriatric mouse muscle. PLoS ONE 6:e28090. doi:10.1371/journal.pone.0028090 

Cheng, A., Morsch, M., Murata, Y., Ghazanfari, N., Reddel, S. W., and Phillips, W. 
D. (2013). Sequence of age-associated changes to the mouse neuromuscular 
junction and the protective effects of voluntary exercise. PLoS ONE 8:e67970. 
doi:10.1371/journal.pone.0067970 

Choi, K. R., Berrera, M., Reischl, M., Strack, S„ Albrizio, M., Roder, I. V., et al. (2012). 
Rapsyn mediates subsynaptic anchoring of PKA type I and stabilisation of acetyl- 
choline receptor in vivo. /. Cell Sci. 125, 714-723. doi:10.1242/jcs.092361 

Christianson, J. C, and Green, W. N. (2004). Regulation of nicotinic recep- 
tor expression by the ubiquitin-proteasome system. EMBO }. 23, 4156-4165. 
doi:10.1038/sj.emboj.7600436 

Clementi, E, Sher, E., and Erroi, A. (1983 ) . Acetylcholine receptor degradation: study 
of mechanism of action of inhibitory drugs. Eur. J. Cell Biol 29, 274-280. 

Correia, S. S., Bassani, S., Brown, T. C, Lise, M. E, Backos, D. S., El-Husseini, A., 
et al. (2008). Motor protein-dependent transport of AMPA receptors into spines 
during long-term potentiation. Nat. Neurosci. 11, 457-466. doi:10.1038/nn2063 

Costa, C 0 Oliveira, J., Goncalves, A., Santos, R., Bronze-da-Rocha, E., Rebelo, O., 
etal. (2013). A Portuguese case of Fukuyama congenital muscular dystrophy 
caused by a multi-exonic duplication in the fukutin gene. Neuromuscul. Disord. 
23, 557-561. doi:10.1016/j.nmd.2013.03.005 

Costa, M. C, Mani, F., Santoro, W. Jr, Espreafico, E. M., and Larson, R. E. (1999). 
Brain myosin- V, a calmodulin-carrying myosin, binds to calmodulin-dependent 
protein kinase II and activates its kinase activity./. Biol. Chem. 274, 15811-15819. 
doi:10.1074/jbc.274.22.15811 

Cruz-Jentoft,A. J.,Baeyens, J. P., Bauer, J. M.,Boirie,Y.,Cederholm,T.,Landi, F.,et al. 
(2010). Sarcopenia: European consensus on definition and diagnosis: report of 
the European Working Group on sarcopenia in older people. Age Ageing 39, 
4 12-423. doi: 10. 1 093/ageing/afq034 



Davies, K. E., and Nowak, K. J. (2006). Molecular mechanisms of muscular dys- 
trophies: old and new players. Nat Rev. Mol CellBiol 7, 762-773. doi:10.1038/ 
nrm2024 

De Palma, C, Morisi, E, Cheli, S., Pambianco, S., Cappello, V., Vezzoli, M., et al. 

(2012) . Autophagy as a new therapeutic target in Duchenne muscular dystrophy. 
Cell Death Dis. 3, e418. doi:10.1038/cddis.2012.159 

Deschenes, M. R., Hurst, T. E., Ramser, A. E., and Sherman, E. G. (2013). Pre- 
to post-synaptic relationships of the neuromuscular junction are held constant 
across age and muscle fiber type. Dev. Neurobiol. 73, 744-753. doi:10.1002/dneu. 
22095 

Deschenes, M. R., Judelson, D. A., Kraemer, W. J., Meskaitis, V. J., Volek, J. S., Nindl, 
B. Co et al. (2000). Effects of resistance training on neuromuscular junction 
morphology. Muscle Nerve 23, 1576-1581. doi:10.1002/1097-4598(200010)23: 
10<1576::AID-MUS15>3.0.CO;2-J 

Deschenes, M. R., Maresh, C. M., Crivello, J. E, Armstrong, L. E., Kraemer, W. 
L, and Covault, J. (1993). The effects of exercise training of different inten- 
sities on neuromuscular junction morphology. /. Neurocytol. 22, 603-615. 
doi:10.1007/BF01181487 

Deschenes, M. R., Roby, M. A., and Glass, E. K. (2011). Aging influences adaptations 
of the neuromuscular junction to endurance training. Neuroscience 190, 56-66. 
doi:10.1016/j.neuroscience.2011.05.070 

Doherty, T. J., Vandervoort, A. A., and Brown, W. F. (1993). Effects of age- 
ing on the motor unit: a brief review. Can. J. Appl. Physiol. 18, 331-358. 
doi:10.1139/h93-029 

Engel, A. G., and Fumagalli, G. (1982). Mechanisms of acetylcholine receptor loss 
from the neuromuscular junction. Ciba Found. Symp. 90, 197-224. 

Engel, A. G., and Ozawa, E. (2004). "Dystrophinopathies," in Myology, Vol. 2, eds A. 
G. Engel and C. Franzini-Armstrong (New- York, NY: McGraw-Hill), 961-1026. 

Fahim, M. A. (1997). Endurance exercise modulates neuromuscular junction of 
C57BL/6NNia aging mice. /. Appl Physiol 83, 59-66. 

Furlow, J. D., Watson, M. L., Waddell, D. S., Neff, E. S., Baehr, L. M., Ross, A. P., et al. 

(2013) . Altered gene expression patterns in muscle ring finger 1 null mice during 
denervation- and dexamethasone-induced muscle atrophy. Physiol Genomics 
45, 1168-1185. doi:10.1152/physiolgenomics.00022.2013 

Gautam, M., Noakes, P. G., Mudd, J., Nichol, M., Chu, G. C, Sanes, J. R., et al. (1995). 
Failure of postsynaptic specialization to develop at neuromuscular junctions of 
rapsyn-deficient mice. Nature 377, 232-236. doi:10.1038/377232a0 

Grady, R. M., Teng, H., Nichol, M. C, Cunningham, J. C, Wilkinson, R. S., and 
Sanes, J. R. (1997). Skeletal and cardiac myopathies in mice lacking utrophin 
and dystrophin: a model for Duchenne muscular dystrophy. Cell 90, 729-738. 
doi:10.1016/S0092-8674(00)80533-4 

Grumati, P., Coletto, L., Sabatelli, P., Cescon, M., Angelin, A., Bertaggia, E., et al. 
(2010). Autophagy is defective in collagen VI muscular dystrophies, and its reac- 
tivation rescues myofiber degeneration. Nat Med. 16, 1313-1320. doi:10.1038/ 
nm.2247 

Gu, Y, and Hall, Z. W. (1988). Immunological evidence for a change in subunits of 
the acetylcholine receptor in developing and denervated rat muscle. Neuron 1, 
117-125. doi:10.1016/0896-6273(88)90195-X 

Hepple, R. T. (2012). Muscle atrophy is not always sarcopenia. /. Appl. Physiol. 113, 
677-679. doi:10.1152/japplphysiol.00304.2012 

Hettwer, S., Dahinden, P., Kucsera, S., Farina, C, Ahmed, S., Fariello, R., et al. (2013). 
Elevated levels of a C-terminal agrin fragment identifies a new subset of sarcope- 
nia patients. Exp. Gerontol. 48, 69-75. doi:10.1016/j.exger.2012.03.002 

Hettwer, S., Lin, S., Kucsera, S., Haubitz, M., Oliveri, F., Fariello, R. G., et al. (2014). 
Injection of a soluble fragment of neural agrin (NT- 1654) considerably improves 
the muscle pathology caused by the disassembly of the neuromuscular junction. 
PLoS ONE 9:e88739. doi:10.1371/journal.pone.0088739 

Huganir, R. L., and Miles, K. (1989). Protein phosphorylation of nicotinic acetyl- 
choline receptors. Crit. Rev. Biochem. Mol Biol 24, 183-215. doi:10.3109/ 
10409238909082553 

Hyman, C, and Froehner, S. C. (1983). Degradation of acetylcholine receptors in 
muscle cells: effect of leupeptin on turnover rate, intracellular pool sizes, and 
receptor properties. /. CellBiol. 96, 1316-1324. doi:10.1083/jcb.96.5.1316 

Ibebunjo, C, Chick, J. M., Kendall, T., Eash, J. K., Li, C, Zhang, Y, et al. (2013). 
Genomic and proteomic profiling reveals reduced mitochondrial function and 
disruption of the neuromuscular junction driving rat sarcopenia. Mol. Cell. Biol. 
33, 194-212. doi:10.1128/MCB.01036-12 

Jansen, M., van Alfen, N., Geurts, A. C. H., and de Groot, I. J. M. (2013). Assisted 
bicycle training delays functional deterioration in boys with duchenne muscular 



Frontiers in Aging Neuroscience www.frontiersin.org May 2014 | Volume 6 | Article 99 | 9 



Rudolf etal. 



NMJ in health and disease 



dystrophy: the randomized controlled trial "no use is disuse". Neurorehabil 
Neural Repair 27, 816-827. doi:10.1177/1545968313496326 

Kaido, M., Arahata, K., Hoffman, E. P., Nonaka, I., and Sugita, H. (1991). Mus- 
cle histology in Becker muscular dystrophy. Muscle Nerve 14, 1067-1073. 
doi:10.1002/mus.880141105 

Kanda, K., and Hashizume, K. (1989). Changes in properties of the medial gastroc- 
nemius motor units in aging rats. /. Neurophysiol. 61, 737-746. 

Kawamura, Y., O'Brien, P., Okazaki, H., and Dyck, P. J. (1977). Lumbar motoneu- 
rons of man II: the number and diameter distribution of large- and intermediate- 
diameter cytons in "motoneuron columns" of spinal cord of man. /. Neuropathol. 
Exp. Neurol. 36, 861-870. doi:10.1097/00005072- 197709000-00010 

Khan, M. M., Strack, S., Wild, E, Hanashima, A., Gasch, A., Brohm, K., et al. (2014). 
Role of autophagy, SQSTM1, SH3GLB 1 , and TRIM63 in the turnover of nicotinic 
acetylcholine receptors. Autophagy 10, 123-136. doi:10.4161/auto.26841 

Kim, N., Stiegler, A. L., Cameron, T. O., Hallock, P. T., Gomez, A. M., Huang, J. H., 
et al. (2008). Lrp4 is a receptor for Agrin and forms a complex with MuSK. Cell 
135, 334-342. doi:10.1016/j.cell.2008.10.002 

Kraemer, W. J., Patton, J. E, Gordon, S. E., Harman, E. A., Deschenes, M. R., Reynolds, 
K„ et al. (1995). Compatibility of high-intensity strength and endurance training 
on hormonal and skeletal muscle adaptations. /. Appl. Physiol. 78, 976-989. 

Krag, T. O., Hauerslev, S., Sveen, M. L., Schwartz, M., and Vissing, J. (2011). Level of 
muscle regeneration in limb-girdle muscular dystrophy type 21 relates to geno- 
type and clinical severity. Skelet Muscle 1 , 3 1 . doi: 10. 1 1 86/2044- 5040- 1 - 3 1 

Kummer, T. T., Misgeld, T., and Sanes, J. R. (2006). Assembly of the postsynaptic 
membrane at the neuromuscular junction: paradigm lost. Curr. Opin. Neurobiol. 
16, 74-82. doi:10.1016/j.conb.2005. 12.003 

Lecker, S. H., Jagoe, R. T., Gilbert, A., Gomes, M., Baracos, V., Bailey, J., et al. (2004). 
Multiple types of skeletal muscle atrophy involve a common program of changes 
in gene expression. FASEB J. 18, 39-51. doi:10.1096/fj.03-0610com 

Lexell, J. ( 1 993) . Ageing and human muscle: observations from Sweden. Can. J. Appl. 
Physiol. 18, 2-18. doi:10.1139/h93-002 

Li, Y., Lee, Y. I., and Thompson, W. J. (201 1). Changes in aging mouse neuromus- 
cular junctions are explained by degeneration and regeneration of muscle fiber 
segments at the synapse. /. Neurosci. 31, 14910-14919. doi:10.1523/JNEUROSCI. 
3590-11.2011 

Libby, P., Bursztajn, S., and Goldberg, A. L. (1980). Degradation of the acetylcholine 
receptor in cultured muscle cells: selective inhibitors and the fate of undegraded 
receptors. Cell 19,481-491. doi:10.1016/0092-8674(80)90523-l 

Lyons, P. R., and Slater, C. R. (1991). Structure and function of the neuro- 
muscular junction in young adult mdx mice. /. Neurocytol. 20, 969-981. 
doi:10.1007/BF01187915 

Marchand, S., Bignami, E, Stetzkowski-Marden, E, and Cartaud, J. (2000). The 
myristoylated protein rapsyn is co targeted with the nicotinic acetylcholine recep- 
tor to the postsynaptic membrane via the exocytic pathway. /. Neurosci. 20, 
521-528. 

Marchand, S., Devillers-Thiery, A., Pons, S., Changeux, J. P., and Cartaud, J. (2002). 
Rapsyn escorts the nicotinic acetylcholine receptor along the exocytic pathway 
via association with lipid raffs. /. Neurosci. 22, 8891-8901. 

Marini, J. E, Pons, E, Leger, J., Loffreda, N., Anoal, M., Chevallay, M., et al. (1991). 
Expression of myosin heavy chain isoforms in Duchenne muscular dystro- 
phy patients and carriers. Neuromuscul. Disord. 1, 397-409. doi:10. 1016/0960- 
8966(91)90003-B 

Martinez-Pena y Valenzuela, I., Pires-Oliveira, M., and Akaaboune, M. (2013). PKC 
and PKA regulate AChR dynamics at the neuromuscular junction of living mice. 
PLoS ONE 8:e8 1 3 1 1 . doi: 10. 1 37 l/journal.pone.008 1311 

Martinez-Pena y Valenzuela, I., Mouslim, C, and Akaaboune, M. (2010). Cal- 
cium/calmodulin kinase Il-dependent acetylcholine receptor cycling at the 
mammalian neuromuscular junction in vivo. /. Neurosci. 30, 12455-12465. 
doi:10.1523/JNEUROSCI.3309-10.2010 

Martinez-Pena y Valenzuela, I., Mouslim, C, Pires-Oliveira, M., Adams, M. E., 
Froehner, S. C, and Akaaboune, M. (2011). Nicotinic acetylcholine recep- 
tor stability at the NMJ deficient in alpha-syntrophin in vivo. /. Neurosci. 31, 
15586-15596. doi:10.1523/JNEUROSCI.4038- 11.2011 

Mercuri, E., and Muntoni, F. (2013). Muscular dystrophies. Lancet 381, 845-860. 
doi:10.1016/S0140-6736(12)61897-2 

Miles, K., Anthony, D. T, Rubin, L. L., Greengard, P., and Huganir, R. L. (1987). 
Regulation of nicotinic acetylcholine receptor phosphorylation in rat myotubes 



by forskolin and cAMP. Proc. Natl. Acad. Sci. U.S.A. 84, 6591-6595. doi: 10.1073/ 
pnas.84.18.6591 

Mishina, M., Takai, T, Imoto, K., Noda, M., Takahashi, T, Numa, S., et al. (1986). 
Molecular distinction between fetal and adult forms of muscle acetylcholine 
receptor. Nature 321, 406-411. doi:10.1038/321406a0 

Mouslim, C, Aittaleb, M., Hume, R. I., and Akaaboune, M. (2012). A role for 
the calmodulin kinase Il-related anchoring protein (alphakap) in maintain- 
ing the stability of nicotinic acetylcholine receptors. /. Neurosci. 32, 5177-5185. 
doi: 1 0. 1 523/JNEUROSCI.6477- 11.2012 

Neel, B. A., Lin, Y, and Pessin, J. E. (2013). Skeletal muscle autophagy: a new meta- 
bolic regulator. Trends Endocrinol. Metab. 24, 635-643. doi:10.1016/j.tem.2013. 
09.004 

Nelson, P. G, Lanuza, M. A., Jia, M., Li, M. X., and Tomas, J. (2003). Phosphoryla- 
tion reactions in activity-dependent synapse modification at the neuromuscular 
junction during development. /. Neurocytol. 32, 803-816. doi:10.1023/B:NEUR. 
0000020625.70284.a6 

Nimnual, A. S., Chang, W., Chang, N. S., Ross, A. E, Gelman, M. S., and Prives, J. M. 
(1998). Identification of phosphorylation sites on AChR delta-subunit associ- 
ated with dispersal of AChR clusters on the surface of muscle cells. Biochemistry 
37, 14823-14832. doi:10.1021/bi9802824 

O'Leary, H, Sui, X., Lin, P.-J., Volpe, P., and Bayer, K. U. (2006). Nuclear targeting 
of the CaMKII anchoring protein alphaKAP is regulated by alternative splicing 
and protein kinases. Brain Res. 1086, 17-26. doi:10.1016/j.brainres.2006.02.120 

Pankiv, S., Clausen, T. H., Lamark, T, Brech, A., Bruun, J. A., Outzen, H, et al. 
(2007). p62/SQSTMl binds directly to Atg8/LC3 to facilitate degradation of 
ubiquitinated protein aggregates by autophagy. /. Biol. Chem. 282, 24131-24145. 
doi: 1 0. 1074/jbc.M702824200 

Patterson, M. E, Stephenson, G. M. M., and Stephenson, D. G. (2006). Den- 
ervation produces different single fiber phenotypes in fast- and slow-twitch 
hindlimb muscles of the rat. Am. J. Physiol Cell Physiol. 291, C518-C528. 
doi:10.1152/ajpcell.00013.2006 

Pauly, M., Daussin, E, Burelle, Y, Li, T, Godin, R., Fauconnier, J., et al. (2012). AMPK 
activation stimulates autophagy and ameliorates muscular dystrophy in the mdx 
mouse diaphragm. Am. J. Pathol. 181, 583-592. doi: 10. 10 1 6/j.ajpath.2012.04.004 

Pilgram, G. S., Potikanond, S., Baines, R. A., Fradkin, L. G, and Noordermeer, J. 
N. (2009). The roles of the dystrophin-associated glycoprotein complex at the 
synapse. Mol. Neurobiol. 41, 1-21. doi:10.1007/sl2035-009-8089-5 

Power, G. A., Dalton, B. H, Behm, D. G, Vandervoort, A. A., Doherty, T. J., and Rice, 
C. L. (2010). Motor unit number estimates in masters runners: use it or lose it? 
Med. Sci. Sports Exerc. 42, 1644-1650. doi:10.1249/MSS.0b013e3181d6f9e9 

Punga, A. R., and Ruegg, M. A. (2012). Signaling and aging at the neuromuscular 
synapse: lessons learnt from neuromuscular diseases. Curr. Opin. Pharmacol. 12, 
340-346. doi:10.1016/j.coph.2012.02.002 

Reek-Peterson, S. L., Provance, D. W. Jr, Mooseker, M. S., and Mercer, J. A. 
(2000). Class V myosins. Biochim. Biophys.Acta 1496,36-51. doi:10.1016/S0167- 
4889(00)00007-0 

Reif, R., Sales, S., Hettwer, S., Dreier, B., Gisler, C, Wolfel, J., et al. (2007). Specific 
cleavage of agrin by neurotrypsin, a synaptic protease linked to mental retarda- 
tion. FASEB }. 21, 3468-3478. doi:10.1096/fj.07-8800com 

Roder, I. V., Choi, K. R., Reischl, M., Petersen, Y, Diefenbacher, M. E., Zaccolo, 
M., et al. (2010). Myosin Va cooperates with PKA RIalpha to mediate main- 
tenance of the endplate in vivo. Proc. Natl. Acad. Sci. U.S.A. 107, 2031-2036. 
doi:10.1073/pnas.0914087107 

Roder, V. I, Petersen, Y, Choi, K. R., Witzemann, V., Hammer, J. A. Ill, and Rudolf, 
R. (2008). Role of myosin Va in the plasticity of the vertebrate neuromuscular 
junction in vivo. PLoS ONE 3:e3871. doi:10.1371/journal.pone.0003871 

Rosenberg, I. H. (1997). Sarcopenia: origins and clinical relevance. /. Nutr. 127, 
990S-991S. 

Rosenheimer, J. L., and Smith, D. O. (1985). Differential changes in the end-plate 
architecture of functionally diverse muscles during aging. /. Neurophysiol. 53, 
1567-1581. 

Rowan, S. L., Purves-Smith, F. M., Solbak, N. M., and Hepple, R. T. (2011). Accu- 
mulation of severely atrophic myofibers marks the acceleration of sarcopenia 
in slow and fast twitch muscles. Exp. Gerontol. 46, 660-669. doi:10.1016/j.exger. 
2011.03.005 

Rowan, S. L., Rygiel, K., Purves-Smith, F. M., Solbak, N. M., Turnbull, D. M., 
and Hepple, R. T. (2012). Denervation causes fiber atrophy and myosin 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



May 2014 | Volume 6 | Article 99 | 10 



Rudolf etal. 



NMJ in health and disease 



heavy chain co-expression in senescent skeletal muscle. PLoS ONE 7:e29082. 
doi:10.1371/journal.pone.0029082 

Rudolf, R., Khan, M. M, Lustrino, D., Labeit, S., Kettelhut, lC, and Navegantes, L. 
C. C. (2013). Alterations of cAMP-dependent signaling in dystrophic skeletal 
muscle. Front Physiol. 4:290. doi:10.3389/fphys.2013.00290 

Russ, D. W., Wills, A. M, Boyd, I. M., and Krause, J. (2014). Weakness, SR function 
and stress in gastrocnemius muscles of aged male rats. Exp. Gerontol. 50, 40-44. 
doi:10.1016/j.exger.2013. 11.018 

Samuel, M. A., Valdez, G., Tapia, J. C, Lichtman, J. W., and Sanes, J. R. (2012). Agrin 
and synaptic laminin are required to maintain adult neuromuscular junctions. 
PLoS ONE 7:e46663. doi:10.1371/journal.pone.0046663 

Sandri, M., Coletto, L., Grumati, P., and Bonaldo, P. (2013). Misregulation of 
autophagy and protein degradation systems in myopathies and muscular dys- 
trophies. /. CellSti. 126, 5325-5333. doi:10.1242/jcs.H4041 

Schmidt, N., Akaaboune, M., Gajendran, N., Martinez-Pena, Y., Valenzuela, I., Wake- 
field, S., et al. (2011). Neuregulin/ErbB regulate neuromuscular junction devel- 
opment by phosphorylation of a-dystrobrevin. /. Cell Biol. 195, 1171-1184. 
doi:10.1083/jcb.201107083 

Schwarz, H., Giese, G., Muller, H., Koenen, M., and Witzemann, V. (2000). Differ- 
ent functions of fetal and adult AChR subtypes for the formation and main- 
tenance of neuromuscular synapses revealed in epsilon-subunit-deficient mice. 
Eur. J. Neurosci. 12, 3107-3116. doi:10.1046/j.l460-9568.2000.00195.x 

Shaid, S., Brandts, C. H., Serve, H., and Dikic, I. (2013). Ubiquitination and selective 
autophagy. Cell Death Differ. 20,21-30. doi:10.1038/cdd.2012.72 

Shiao, T., Fond, A., Deng, B., Wehling-Henricks, M., Adams, M. E., Froehner, S. C, 
et al. (2004). Defects in neuromuscular junction structure in dystrophic muscle 
are corrected by expression of a NOS transgene in dystrophin-deficient muscles, 
but not in muscles lacking alpha- and betal-syntrophins. Hum. Mol. Genet 13, 
1873-1884. doi:10.1093/hmg/ddh204 

Singh, P., Salih, M., and Tuana, B. S. (2009). Alpha-kinase anchoring protein 
alphaKAP interacts with SERCA2A to spatially position Ca2+/calmodulin- 
dependent protein kinase II and modulate phospholamban phosphorylation. 
/. Biol. Chem. 284,28212-28221. doi:10.1074/jbc.M109.044990 

Stanmore, A., Bradbury, S., and Weddell, A. G. (1978). A quantitative study of 
peripheral nerve fibres in the mouse following the administration of drugs. 1. 
Age changes in untreated CBA mice from 3 to 21 months of age. /. Anat. 127, 
101-115. 

Stephan, A., Mateos, J. M., Kozlov, S. V., Cinelli, P., Kistler, A. D, Hettwer, S., et al. 
(2008). Neurotrypsin cleaves agrin locally at the synapse. FASEBJ. 22, 1861-1873. 
doi:10.1096/fj.07- 100008 

Taniguchi, M., Kurahashi, H., Noguchi, S., Fukudome, T., Okinaga, T., Tsuka- 
hara, T., et al. (2006). Aberrant neuromuscular junctions and delayed terminal 
muscle fiber maturation in alpha-dystroglycanopathies. Hum. Mol Genet. 15, 
1279-1289. doi:10.1093/hmg/ddl045 

ten Houten, R., and De Visser, M. (1984). Histopathological findings in Becker- 
type muscular dystrophy. Arch. Neurol. 41, 729-733. doi:10.1001/archneur.l984. 
04050180051017 

Tomlinson, B. E., and Irving, D. (1977). The numbers of limb motor neurons 

in the human lumbosacral cord throughout life. /. Neurol. Sci. 34, 213-219. 

doi:10.1016/0022-510X(77)90069-7 
Tomlinson, B. E., Walton, J. N., and Irving, D. (1974). Spinal cord limb motor 

neurones in muscular dystrophy. /. Neurol. Sci. 22, 305-327. doi:10.1016/0022- 

510X(74)90003-3 

Valdez, G, Tapia, J. C, Kang, H., Clemenson, G. D. Jr, Gage, F. H., Lichtman, J. 
W., etal. (2010). Attenuation of age-related changes in mouse neuromuscular 



synapses by caloric restriction and exercise. Proc. Natl. Acad. Sci. U.S.A. 107, 
14863-14868. doi:10.1073/pnas.l002220107 

Valkova, C, Albrizio, M., Roder, I. V., Schwake, M., Betto, R., Rudolf, R., et al. (201 1). 
Sorting receptor Rerl controls surface expression of muscle acetylcholine recep- 
tors by ER retention of unassembled alpha-subunits. Proc. Natl Acad. Sci. U.S.A. 
108, 621-625. doi:10.1073/pnas.l001624108 

Walker, M. L., Burgess, S. A., Sellers, J. R., Wang, E, Hammer, J. A. Ill, Trinick, J., 
et al. (2000). Two-headed binding of a processive myosin to F-actin. Nature 405, 
804-807. doi:10.1038/35015592 

Wang, Z., Edwards, J. G, Riley, N., Provance, D. W. Jr, Karcher, R., Li, X. D., et al. 
(2008) . Myosin Vb mobilizes recycling endosomes and AMPA receptors for post- 
synaptic plasticity. Cell 135, 535-548. doi:10.1016/j.cell.2008.09.057 

Witzemann, V., Barg, B., Criado, M., Stein, E., and Sakmann, B. (1989). Develop- 
mental regulation of five subunit specific mRNAs encoding acetylcholine recep- 
tor subtypes in rat muscle. FEBS Lett. 242, 419-424. doi:10.1016/0014- 5793(89) 
80514-9 

Witzemann, V., Barg, B., Nishikawa, Y., Sakmann, B., and Numa, S. (1987). Differ- 
ential regulation of muscle acetylcholine receptor gamma- and epsilon-subunit 
mRNAs. FEBS Lett. 223, 104-112. doi:10.1016/0014- 5793(87)80518-5 

Witzemann, V., Schwarz, H., Koenen, M., Berberich, C, Villarroel, A., Wernig, 
A., et al. (1996). Acetylcholine receptor epsilon-subunit deletion causes muscle 
weakness and atrophy in juvenile and adult mice. Proc. Natl. Acad. Sci. U.S.A. 93, 
13286-13291. doi:10.1073/pnas.93.23.13286 

Wong, M., and Martin, L. J. (2010). Skeletal muscle-restricted expression of human 
SOD1 causes motor neuron degeneration in transgenic mice. Hum. Mol Genet. 
19, 2284-2302. doi:10.1093/hmg/ddql06 

Wu, H., Xiong, W C, and Mei, L. (2010). To build a synapse: signaling pathways in 
neuromuscular junction assembly. Development 137, 1017-1033. doi:10.1242/ 
dev.038711 

Yampolsky, P., Pacifici, P. G, Lomb, L., Giese, G., Rudolf, R., Roder, I. V., et al. 
(2010). Time lapse in vivo visualization of developmental stabilization of synap- 
tic receptors at neuromuscular junctions. /. Biol Chem. 285, 34589-34596. 
doi: 10.1074/jbc.Ml 10. 168880 

Yumoto, N., Kim, N., and Burden, S. J. (2012). Lrp4 is a retrograde signal for 
presynaptic differentiation at neuromuscular synapses. Nature 489, 438-442. 
doi:10.1038/naturell348 

Zhang, B., Luo, S., Wang, Q., Suzuki, T, Xiong, W. C, and Mei, L. (2008). LRP4 serves 
as a coreceptor of agrin. Neuron 60, 285-297. doi:10.1016/j.neuron.2008.10.006 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 24 March 2014; accepted: 08 May 2014; published online: 22 May 2014. 
Citation: Rudolf R, Khan MM, Labeit S and Deschenes MR (2014) Degeneration 
of neuromuscular junction in age and dystrophy. Front. Aging Neurosci. 6:99. doi: 
10.3389/fnagi.2014.00099 

This article was submitted to the journal Frontiers in Aging Neuroscience. 
Copyright © 2014 Rudolf Khan, Labeit and Deschenes. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author( s)or licensor are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



May 2014 | Volume 6 | Article 99 | 11 



